Various measurements of thermal trap depth are evaluated for K-feldspar grains extracted from a bedrock sample. The initial rise method and the various heating rates method yield consistent results for both the natural signal (E = 1.23 and 1.16 eV, respectively) and for a regenerative dose of 64 Gy (0.83 and 0.78 eV). 
Introduction 1
One critical parameter in understanding how the feldspar luminescence system will evolve in different 2 thermal scenarios is the thermal activation energy required for recombination (E-value). A number of mea- The basic obstacle that must be overcome in order to measure the E-values of a sample, is that TL glow 10 curves (following natural or laboratory irradiations) comprise overlapping emissions of different stability. For 11 potassium-rich feldspars, this is complicated by the presence of a second TL peak at higher temperatures (cen-12 tered around 330
• C for β = 5 • C/s), such that the measured glow curve contains a broad, asymmetric peak 13 at lower temperatures (apex near 100
• C), and a high-temperature peak (or two peaks; e.g., Murray et al., 14 2009), often embedded within the first (Duller, 1997) . This range of stability in the broad, lower-temperature 15 emission has been interpreted as representing multiple, discrete trap depths (Strickertsson, 1985 ; Kirsh et al., 1987) or a continuum of trap depths (Sanderson, 1988) . Alternately, a continuum of recombination distances could produce the observed TL data. Regardless, to measure the kinetic properties for a portion of a feldspar
19
TL glow curve (e.g., a single trap depth or a limited range of recombination distances), one must isolate that 20 particular emission, either experimentally or mathematically.
21
To determine the thermal trap depths of the dosimetric traps producing the TL or IRSL signals, workers depths from 1.1 to 1.8 eV in plagioclase; Strickertsson (1985) 
Sample preparation and luminescence instrumentation

52
Samples were first spray-painted with a contrasting color. They were then broken into smaller fragments 53 under dim, amber LED lighting. The light-exposed, outer-surface pieces (as identified by the presence of 54 spray-paint) were discarded and the unexposed inner pieces were gently ground using a pestle and mortar.
55
The feldspar grains of 175-400 µm were then isolated from the rubble. Subsamples were wet-sieved,
56
treated with 3% HCl, separated by density using lithium metatungstate (ρ <2.565 g/cm 3 ; Rhodes 2015),
57
and treated with 10% HF for 10 minutes to remove the outer layer from the grains and thereby enhance the 58 sample brightness. Grains were mounted on stainless steel discs in a small-diameter (ca. 3-5 mm) monolayer 59 using silicone oil.
60
Luminescence measurements were carried out using a TL-DA- The terms used throughout this study are described in Table 2 . 
Initial rise method
86
The initial rise method (IRM) plots the natural log of the normalized TL intensity as a function of the inverse temperature, analogous to an Arrhenius plot. If the concentrations of trapped electrons and recombination centers are effectively constant (a reasonable assumption for the low-temperature region of a stimulation curve), then the TL intensity with temperature should go as: to retain electrons for longer than a few days at room temperature. 
Various heating rates method
95
The various heating rates method (VHRM) exploits the fact that the temperature of maximum TL emission intensity (T m ) can be expressed in terms of the heating rate, β:
so that the plot of ln(T hold temperature of T • C for 100 s, with T ranging from 20 to 500
• C in increments of 20
• C ( Fig. 2(a) ).
112
Unfortunately, at T > 320
• C, the signal intensity was similar in magnitude to the thermal background, 
Post-isothermal TL (pI-TL) curve analysis 124
An alternate approach is to monitor how the TL shape changes following isothermal treatments of various and logarithmic y-axes ( Fig. 3(a) and inset, respectively). The advantage of this approach is based upon 130 the ability to isolate the luminescence emitted during hold-times by subtracting one TL curve from another.
131
In other words, each subtracted curve represents the pseudo-TL curve that would be depleted during that 132 isothermal treatment. Fig. 3(b) shows the regenerative TL lost during the hold time of t = 3-10 s, 10-30 s,
133
and so on, for all the hold temperatures.
134
For analysis of the post-isothermal TL natural signals, a multi-aliquot approach is necessary, where each 135 heat treatment is performed on a different unbleached natural aliquot of sample J0165 (Fig.4(a) ). The TL 136 emissions of each aliquot were normalized to a subsequent test dose response (maximum TL intensity following 137 a dose of 1.3 Gy). Because the natural glow curve is not significantly eroded by the lower temperature 138 treatments, the isothermal treatments of the natural signals were limited to T = 250, 300, and 350 • C.
Trap depth
If we consider these subtracted TL curves to be the charge lost during specific hold-time ranges, then the 141 shape of these curves should contain useful kinetic information. The initial rise portion of these subtracted TL 142 curves was fitted in the same way as in Section 3.3 to determine the apparent thermal trap depth; hereafter, 143 this will be called the post-isothermal TL (pI-TL) method. The results for the regenerative and natural 144 signals are shown in Fig. 5(a) and (e), respectively.
145
Just as with the FGC E-values following a regenerative dose (Fig. 2(b) ), these pI-TL E-values steadily 146 increase as deeper thermal regions are probed ( Fig. 5(a) upper limit is higher than the highest FGC E-value (1.5 eV) observed for this sample.
150
The pI-TL regenerative E-values were also measured for samples J0995 (high albite), J0999 (perthite),
151
and J1001 (perthite). A mean value of E = 1.84 ± 0.06 eV was calculated from the final three hold intervals
152
(30 -100, 100 -300, and 300 -1000 s) at 350
• C for the regenerative signals of all four feldspar samples.
153
While samples J0165 and J0995 may plateau at these durations, samples J0999 and J1001 exhibited a positive interpretation that the pathways are unchanging, whereas the probed lifetimes increase with TL temperature.
175
The high b-values for the natural signals lost at 250
• C between 3 -10, 10 -30, and 30 -100 s (b = 2.2, 176 2.3, and 2.1, respectively) may be an exception to this uniformity. That kinetic order is higher as the natural 177 signal is initially depleted may be caused by charge transfer to sites of greater thermal stability. Finally, given that each pI-TL curve has an apparent trap depth and kinetic order, we can estimate the corresponding frequency factors. The calculation assumes general-order kinetics, and requires kinetic order (b), trap depth (E), temperature at maximum intensity (T m ), and heating rate (β) to determine the frequency factor (s) (p. 11; Chen and Kirsh, 1981):
This calculation was performed under two different scenarios. In the first scenario, the E-value measured
180
for each isothermal condition was used to calculated the corresponding frequency factor. In the second, the 181 plateau value of 1.86 eV was used to calculate the apparent frequency factor for each pI-TL curve. for the chosen heating rate and stop-temperature increment.
217
The post-isothermal TL method is similar in approach to the FGC method: the TL curve is progressively 
Comparing the measured E-values
225
Notable concordance is found between the initial rise method and the various heating rates method. For 226 the VHRM, the data seem to be sub-linear rather than linear as would normally be expected. This effect 227 probably reflects the asymmetric nature of the feldspar TL glow curve: the initial rise region of the curve 228 would be less affected, but in measuring the T m value, the influence of overlapping, higher-stability traps
229
biases the E-value determination. This effect should vary with heating rate, as lower heating rates will tend 230 to minimize this trap separation effect. Importantly, the feldspar samples did not receive preheats prior to 231 the measurement of apparent natural E-values.
232
The FGC E-values obtained compare well with experimental results reported elsewhere from sedimentary 
Relating the pI-TL E-value to IRSL signals
281
A primary concern when evaluating luminescence ages from K-feldspars is the thermal trap depth asso- Figure 5: (a) Thermal trap depths of sample J0165 estimated for the regenerative signal using the pI-TL method (curves shown in Fig. 3(b) ). Notice the correspondence with Fig. 2(b) and the apparent plateau around 1.86 eV. (b) Regenerative dose frequency factors are estimated assuming general-order kinetics, using the analytical expression for the temperature at maximum intesnsity, Tm (p. 11; Chen and Kirsh, 1981) . (c) Identical to (b), except that the E-value is not calculated for each hold-time, but is instead set as 1.86 eV. This steady decrease in apparent frequency factor is consistent with the model for K-feldspar luminescence production wherein a trap of singular depth exhibits decreasing recombination probabilities as the tunneling distance increases (Jain and Ankjaergaard, 2011; Jain et al., 2015). (d) Kinetic order is estimated using the so-called geometrical factor, µg, a peak-shape parameter, following Chen (1969) . The same parameters are shown in (e)-(h), following isothermal treatments of the natural signal. The hold temperatures for the natural signal are limited to 250, 300, and 350 • C.
